Endotracheal tube (ETT) cuff pressure management is an essential part of airway management in intubated and mechanically ventilated patients. Both under-and over-inflation of the ETT cuff can lead to patient complications, with an ideal pressure range of 20-30 cmH 2 O defined. A range of techniques are employed to ensure adequate ETT cuff inflation, with little comparative data. We performed an observational cross-sectional study in a tertiary metropolitan ICU, assessing the relationship between the minimal leak test and cuff manometry. Forty-five mechanically ventilated patients, over a threemonth period, had ETT cuff manometry performed at the same time as their routine cuff maintenance (minimal leak test). Bedside nurse measurements were compared with investigator measurements. At the endpoint of cuff inflation, 20 of 45 patients (44%) had cuff pressures between 20 and 30 cmH 2 O; 11 of 45 patients (24%) had cuff pressures <20 cmH 2 O; 14 of 45 patients (31%) had cuff pressures ≥30 cmH 2 O. Univariate analysis demonstrated an association between both patient obesity and female gender requiring less ETT cuff volume (P=0.008 and P <0.001 respectively), though this association was lost on multivariate analysis. No association was demonstrated between any measured variables and cuff pressures. Interoperator reliability in performing the minimal leak test showed no evidence of bias between nurse and investigators (Pearson coefficient = 0.897). We conclude the minimal leak test for maintenance of ETT cuffs leads to both over-and under-inflation, and alternative techniques, such as cuff manometry, should be employed.
Key Words: intubation, equipment-cuffs, tracheal, monitoring-intensive care, monitoring-cuff pressure, airway Endotracheal tube (ETT) cuff pressure management is an essential part of airway management in intubated and mechanically ventilated patients. The ETT cuff must be sufficiently inflated in order to seal the airway, to enable effective positive pressure ventilation, and to prevent aspiration from the pharynx, which has been associated with ventilator-associated pneumonia 1, 2 . Also relevant, however, is minimisation of the pressure exerted by the cuff on the trachea to reduce the risk of tracheal mucosal ischaemia 3 . Excessive cuff pressure has been implicated as one of the most important predisposing factors for mucosal injury 4 . Additional potential injuries from cuff over-inflation include tracheal rupture, necrosis and stenosis, tracheo-oesophageal fistula, and recurrent laryngeal nerve palsy. Importantly, and probably more commonly, over-inflation can result in postextubation stridor and sore throat [5] [6] [7] .
There are very few studies that assess correlation between the measurement techniques. To date, most literature has sought to describe variation in cuff maintenance practice between ICUs, but has not focused on which technique provides the most consistent correlation with ideal ETT cuff pressures 8, 9 . Significant heterogeneity of cuff maintenance practices exists in Australia and New Zealand; a 2008 survey of 92 ICUs demonstrated at least four different techniques being used, in varying combinations within individual ICUs 9 .
The objective of this study was to compare ETT cuff pressure manometry (CPM) with the minimal leak test (MLT) technique, to assess the latter's performance against accepted standards for ETT cuff maintenance.
Materials and methods
We performed a prospective single centre audit from March to May 2015 within the Royal Melbourne Hospital (RMH) ICU, a 24-bed metropolitan intensive care unit. Approval was obtained from the RMH Human Research Ethics Committee as a quality assurance project (QA2015022). Patients were included if they were intubated with our standard endotracheal tube (Mallinckrodt™ cuffed endotracheal tube, Covidien, Dublin, Ireland), mechanically ventilated, aged 18 years or over, and admitted between March and May 2015. We excluded tracheostomised patients breathing spontaneously without mechanical ventilation, and patients with reinforced ETTs (due to some reinforced tubes having high pressure, low volume cuffs).
Study protocol
The following information was extracted for each patient fulfilling enrolment criteria: gender, age, weight, height, ETT internal diameter (mm), ETT depth at teeth (cm), duration of intubation (days), and peak inspiratory pressure (cmH 2 O). The protocol for testing of the ETT cuff in our unit was as follows. The patient was positioned supine, the bed inclined at 30° unless any restrictions of movement were in place. After suctioning of the oropharynx and the ETT, the volume of air in the ETT cuff was first ascertained by fully deflating the ETT cuff, before reinsertion of this same volume. Air was then slowly withdrawn from the reinflated cuff, with auscultation over the trachea until a leak was heard, with the volume of air remaining in the cuff at this point recorded as the Minimal Leak Volume (MLV). One millilitre of air was then added to stop the cuff leak, and the ETT cuff left at this point (MLV+1). CPM was performed by the investigator at both the MLV and MLV+1 endpoints (Covidien Mallinckrodt TM Hand Pressure Gauge, Covidien, Dublin, Ireland). After the MLT technique was performed by the bedside nurse, the same procedure was repeated by the investigator (DH, MD, DB or ADLC), with MLV, MLV+1, and respective cuff pressures also recorded. Investigators and bedside nurses were not blinded to each others' measurements.
The primary outcome was the proportion of patients with cuff pressures within the range of 20-30 cmH 2 O at the MLV+1 endpoint. Secondary outcomes were to assess the inter-rater reliability of the MLT technique between bedside nurse and investigator, and to determine any effect of peak inspiratory pressure on CPM.
In accordance with previous literature, a safe pressure range for ETT cuff inflation was defined as 20-30 cmH 2 O. Cuff pressures below 20 cmH 2 O have been shown to increase the risk of microaspiration, with a concomitant increase shown in ventilator-associated pneumonia 2 . Conversely, pressures above 30 cmH 2 O have been shown to significantly impair tracheal mucosal blood flow 10 . Though there is some heterogeneity in the literature defining the safe upper pressure limit for ETT cuffs, the most consistent upper limit appears to be 30 cmH 2 O 11-13 .
Statistical analysis
Continuous data was tested for normal distribution and summarised using mean (standard deviation) with comparison using unpaired two-tailed t-tests. Skewed data was summarised using median (range, interquartile range [IQR]) and compared using rank sum tests. Categorical data was summarised using number (percent). Comparison between investigator and bedside nurse measurements was assessed using Bland-Altman plots and Pearson's correlation coefficients. Linear regression was used to examine factors potentially influencing the assocation between CPM and MLV. Transformations of the MLV values were considered in order to assume normality, due to a moderate degree of skew in the data. Results from the linear regression analysis are presented for ease of interpretation. Statistical analysis was performed using Stata 12.1 (StataCorp LP, College Station, TX, USA), with a two-sided alpha value of 0.05 considered for all statistical tests.
Results
Data from 45 patients was collected during the study period. Demographics and baseline data are shown in Table 1 , with manometry data available for analysis from all patients. At the endpoint of cuff inflation (MLV+1) as measured by study investigators, only 20 of 45 patients (44%) had cuff pressures between 20 and 30 cmH 2 O; 11 of 45 patients (24%) had cuff pressures <20 cmH 2 O; 14 of 45 patients (31%) had cuff pressures ≥30 cmH 2 O (Figure 1 ). With respect to measurements from bedside nurses, nine patients had a variation in the standard cuff management technique performed, wherein the ETT cuff was inflated from empty until the leak just disappeared (Minimal Occlusive (Figure 1 ). On analysis of the nine patients with the alternative technique utilised, five (56%) were within the safe pressure range 20-30 cmH 2 O; three (33%) had cuff pressures <20 cmH 2 O, and one (11%) had cuff pressure ≥30 cmH 2 O. With respect to inter-operator reliability, there was no evidence of bias between bedside nurses and investigators when determining the minimal leak volume endpoint (Pearson coefficient = 0.897 [95% confidence interval {CI}] 0.819 to 0.942) ( Figure 2 ).
Patient factors were examined for any potential influence on either CPM or volume (Tables 2 and 3 ). There was a trend towards higher peak inspiratory pressures delivered by mechanical ventilation requiring higher intracuff pressures to prevent a leak around the ETT (univariate association coefficient 0.31 [95% CI -0.05 to 0.68, P=0.09]). Female patients required lower volumes in their ETT cuffs (univariate association coefficient -1.87 [95% CI -2.85 to -0.89, P <0.001]), as did obese patients (univariate association coefficient -1.75 [95% CI -3.01 to -0.49, P=0.008]), though both associations were lost on multivariate analysis, and neither gender nor obesity had any effect on CPM. Female patients also had smaller ETTs than males (median [range]) internal diameter 7.0 mm (6.5-7.5) versus 8.0 mm (6.5-8.5). Duration of mechanical ventilation was found to have no effect on either cuff volumes or pressures.
Discussion
There is significant variation in techniques used for management of endotracheal tube cuffs between ICUs. A recent study of endotracheal cuff maintenance around Australia and New Zealand, encompassing 92 ICUs, revealed a wide heterogeneity of practice 9 . For initial cuff management after intubation, most ICUs (50/92, 54%) used In our study population, using an MLT for ETT cuff inflation led to the majority of patients' cuff pressures being outside the accepted safe range of 20-30 cmH 2 O. Under-inflation of the ETT cuff (which occurred in 24% and 22% of patients in our study measured by investigators and nurses respectively) has been shown to increase the risk of ventilator-associated pneumonia, probably due to an increased risk of aspiration of pharyngeal contents 2 . Microaspiration of this nature is said to occur in over 80% of intubated critically ill patients 14 , the pathogenesis of which is complex and involves multiple factors including the tracheal tube, ventilation, enteral nutrition, and patient-related factors 12 . Ensuring adequate ETT cuff inflation, however, is an integral and simple part of infection control in the ICU.
Serious complications of ETT cuff over-inflation are becoming less common due to the widespread availability of low pressure/high volume ETT cuffs. Despite this, the most common aetiology of non-malignant tracheo-oesophageal fistula remains cuff-related tracheal injury 14 . Post-intubation sore throat is also a common side-effect, and may be related to ischaemia of the oropharyngeal and tracheal mucosa. We found 31% and 28% of patients' cuffs over-pressured, as measured by investigators and nurses respectively. ICU patients' physical condition, position, ventilatory parameters and nursing care requirements are constantly changing, and these variables have been shown to affect cuff manometry [16] [17] [18] . We postulated that patients with less compliant respiratory mechanics, as evidenced by higher peak inspiratory pressures during mechanical ventilation, may require higher cuff pressures to achieve a seal around the ETT. Our study demonstrated a trend in this direction (P=0.09). In our study, gender was also found to influence ETT cuff volume (with females requiring less volume in their ETT cuffs), but not cuff pressure. This is despite the smaller ETTs used for females in our study, and probably due to smaller calibre tracheas in women with less room around the ETT despite selection of smaller internal diameter ETTs. We also postulated that obesity may require higher cuff pressures to achieve a seal, as the greater restriction to ventilation may have required greater inspiratory work and hence pressure delivered by the ventilator. Our study did not demonstrate differences in cuff pressure in obese patients, although lower cuff volumes were required to achieve a seal. We are unable to explain this finding; one possibility is that it may be due to excess adipose tissue around the trachea causing some extrinsic narrowing. Importantly, duration of mechanical ventilation did not affect either cuff volume or pressure in our study, suggesting there was no significant tracheal mucosal swelling that developed over time in our cohort.
To address natural variation in cuff pressures over time, as well as inconsistencies in manual estimation techniques of cuff inflation, automatic cuff measurement/inflation devices have been developed, but have not been adopted widely. In the neurosurgical setting, one such device was assessed with endotracheal tube cuffs either inflated manually by an anaesthetist, with hourly cuff pressure measurements, or inflated by the automated cuff pressure controller to maintain a pressure of 25 cmH 2 O throughout surgery 20 . This study demonstrated significantly higher ETT cuff pressures with manual inflation, and concluded that complications of high ETT cuff pressure could be avoided with the use of automatic devices. In another recent pilot trial, however, data was collected for ten patients who were orally intubated and receiving mechanical ventilation with the pilot balloon of the ETT connected to a transducer and a continuous pressure monitor. Only 54% of cuff pressure measurements were within the recommended range of 20 to 30 cmH 2 O, high in 16% of measurements and low in 30% 10 . Furthermore, another 2009 study demonstrated that the automatic cuff pressure controller interfered with the self-sealing mechanism of low pressure/high volume cuffs 20 .
One limitation of our study is the static timepoint at which measurements were taken. As stated, cuff manometry varies in the face of many factors in the ICU; multiple static measurements on each patient may have improved the value of the study results. It would have also been interesting to examine the effect of more incremental volumes of air inserted into the cuff after the leak point. It may have been that volumes less than one millilitre were enough to stop the leak auscultated, but resulted in lower cuff pressures. Standard practice in our unit, however, is to insert one millilitre after the leak point to allow for some volume as a buffer in case of changes in patient condition/position or ventilatory changes, as stated above. A further limitation is the fact that nine of the 45 patients had a slight variation on the MLT technique test performed (the MOV, more common in Australian and New Zealand ICUs). Although this affected the ability to interpret findings in these patients, it highlights the problem of variability in practice arising when a 'procedure' is required to check the ETT cuff (versus simple CPM measurement). It is also noteworthy that in using this technique, a high proportion of these nine patients (44%) also demonstrated both over-and under-inflated ETT cuffs. Further research in this area is warranted, as the MOV test is in widespread use, and based on this study may have similar drawbacks 9 .
Conclusions
Our study shows that the MLT technique results in unsafe cuff pressures as measured by CPM. Further studies are needed to compare other cuff monitoring methods for their effectiveness in providing safe cuff pressures, and to determine the impact on patient outcomes such as ventilator-associated pneumonia or tracheal complications.
